Abstract: The influence of substrate was evaluated by comparing annual ring widths of Scots pine (Pinus sylvestris L.) with climate data at 13 new sites (five bog, three peat, and five soil), together with 17 previously studied soil sites in northern Scotland. Radial growth rates <1.0 and >1.5 mm·year -1 differentiate well between pine growing on bog and peat, respectively, highlighting the role of pine as a indicator of water levels in these environments. Scots pine chronologies from bog are shown to have a weak temperature-growth response and so limit potential in dendroclimatic reconstructions. However, correlation analysis shows temperature in January-February and July-August to be important determinants of the radial growth of Scots pine on soil. Moving correlation analysis indicates that the relationship between the radial growth of pine on soil near the altitudinal tree line and summer temperature (July-August) is time stable, despite an increase of temperature in northern Scotland. However, winter (January-February) temperature has become less limiting since the 1920s. Scots pine at some soil, bog, and peat sites have increased or developed correlation with October temperature since the 1940s, suggesting an extension of the growth season, particularly on the western coast of Scotland.
Introduction
The peatlands of northern Scotland are one of the largest and most intact areas of blanket bog in the world. Pinus pollen (Birks 1975) and widespread occurrence of subfossil trees (Moir et al. 2010 ) reveal abrupt fluctuations in the northern extent and altitude of pine woodland over the last 10 000 years. Moir et al. (2010) show that between 3200 and 3000 BC, Scots pine (Pinus sylvestris L.) expanded onto peatland, up to 60 km beyond its theoretical northern limit on soil, which in Scotland occurs just above Ullapool (Fig. 1) . The apparent synchronicity of the fluctuations over large distance is often regarded as a sensitive response to climatic changes, but the precise nature of episodes of pine decline and climate change are not well defined (Tipping et al. 2007) . Tree rings are an important source of information on past climate variability (Briffa et al. 2004) , and their potential to extend climate-proxy data beyond the last~150 years of meteorological records is well demonstrated (Jones et al. 2009 ). Control of annual growth by environmental factors, particularly climate, is strong and clearly discernable in areas where trees grow in marginal environments (Schweingruber et al. 1979 ). In such areas where tree growth has a high sensitivity to climate, dendroclimatological methods can be useful tools for revealing the dominant factors influencing radial growth (Fritts 1976) .
Tree line and peatlands are two marginal environments of particular importance to dendrochronology and dendroclima-tology. Tree line is defined here as the abrupt transition from trees to scrub vegetation (although isolated trees in favourable microsites may grow above the tree line). Forest line is the upper limit of land capable of supporting commercial forestry. However, these terms are often used synonymously elsewhere and are closely coupled boundaries. For its latitude, the tree line in Scotland is depressed (Körner 1998) , this is probably due to the maritime climate and exposure to high winds (Tranquillini 1979 ) but also possibly due to management. Earlier investigations of the climatic controls on the radial growth of pine near the tree line in Scotland are similar to those across northern Europe in demonstrating strong control by July and August (summer) temperatures (Schweingruber et al. 1979; Hughes 1987) . However, January and February (winter) temperatures have also been found to have positive correlation (Grace and Norton 1990; Fish et al. 2010) , and the former authors emphasize that most physiological studies show the importance of winter conditions in limiting tree growth near its northern or altitudinal limit. Peatlands are an important environment for the growth and subsequent preservation of past pine across northern Europe, which appears associated with varying hydrological conditions (Eronen et al. 2002) . Here we define peat as having a relatively low or absent water table and bog as having a high water table. Few dendroclimatic studies have been applied to pine on peatland, but studies in Russia and Sweden found little correlation between ring widths and either temperature or precipitation (Vaganov and Kachaev 1992; Linderholm et al. 2002) .
An increased understanding of the relationships between climate and pine growing on peatlands near the upper tree line in Scotland today is integral, both to interpreting past changes of pine woodland range and to managing its future. Two-thirds of land above the forest zone (6000 km 2 ) lies within the range of windiness and temperature conditions known to be tolerated by native pine (Hale et al. 1998) , and Scotland's thriving forest industry aspires to expand woodland from 17% to 25% of land area by 2050 (Ray 2008) . High-latitude mountain regions are those particularly sensitive to and worst affected by global warming (Intergovernmental Panel on Climate Change (IPCC) 2007) and hence important areas in which to investigate climatic proxies. A well-known premise of tree-ring studies is that trees are more sensitive to temperature close to the tree line than at lower altitudes (Fritts 1976 ). Kullman and Öberg (2009) show that tree lines in the Swedish Scandes have recently increased in altitude by~200 m. Therefore, a reduction of tree growth sensitivity to climate might be expected in some trees subsequently located further from the tree line. Reductions in sensitivity of trees have been reported to occur at some sites north of 55°N during the late 20th century (for a review, see D'Arrigo et al. 2008) . To help our understanding of the effects of past and present climatic change on pine, this study compares the dendroclimatic response of pine growing today on peat, bog, and soil substrates using measurements of annual ring width. The stability of temperature and precipitation controls over the last century and a half on the radial growth of Scots pine near the tree line in northern Scotland is also investigated.
Background

Peatlands and climate
Bog vegetation is considered particularly sensitive to climate changes because it receives its water and nutrient supply from atmospheric precipitation. Although it has long been assumed that records of bog surface wetness reflect changes in precipitation and temperature, understanding and quantification of the relationships remains unclear (Charman 2007) . Tree growth, size, and density on peat are, however, strongly associated with changes in the level of the water table (Mannerkoski 1991) . Temperature may influence tree growth both directly through growth-season temperature and indirectly through regulation of the water table by evaporation (Mannerkoski 1985) . Drainage of peatland is known to promote good tree growth, and major increases in pine on bog in response to drainage are well known from modern studies (Freléchoux et al. 2000) . A lowering of the water table improves the aeration of the upper peat layers, increases soil temperature, and increases nutrient availability (Paavilainen and Päivänen 1995) . Bogs in oceanic areas of the western British Isles are sensitive to past changes in effective humidity and provide more reliable archives of past climatic change than the Sphagnum fuscum dominated raised bogs in the more continental areas of northern Europe (Barber et al. 2004) . In oceanic regions, with rainfall distributed throughout the year and relatively low summer temperatures, comparisons between reconstructed water table levels and meteorological records have shown that rainfall is the primary driver of peatland water table levels (Charman 2007) . In turn, an important driver of precipitation and temperature variability at seasonal to decadal time scales in Scotland is the North Atlantic Oscillation (NAO) (Hurrell 1995) .
Research area
Northern Scotland is greatly influenced by the presence of the Atlantic Ocean and Gulf Stream to the west, and consequently annual precipitation in Scotland ranges widely from 2000-2800 mm in the west to 900-1300 mm in the east (Fig. 2) . The Torridon Mountains and Grampian Mountains (Fig. 1) force the prevailing southwesterly air from the Atlantic to rise, which can further amplify the difference between rainfall on their western and eastern sides. The ranges of daily and annual temperatures increase inland, away from the moderating influence of the sea (Fig. 2) . Minimum temperatures are very dependent upon local topography, and marked differences can occur over relatively short distances. July and August are normally the warmest months, but few places in Scotland have more than one or two days in a year with temperatures greater than 25°C (Parker 1985) .
The western limit of Scots pine in northern Europe can be found at 5°38′W in Scotland (Ennos 1991) . There are few remaining instances of complete tree line gradients in Scotland, but the present-day tree line is estimated at~600-650 m near Aviemore (Miller and Cummins 1982) and at~250 m near the west coast (Hale et al. 1998) . The altitudinal boundaries between forest and treeless subalpine heath often occur as abrupt discontinuities; however, in Scotland, the "Krummholz" vegetation (characteristic of climatic tree lines) is often absent, presumably destroyed and kept suppressed by centuries of management practices such as burning and grazing blanket mire (Watson 1996) . Hale et al. (1998) show that the maximum limit of forest line occurs at an accumulated temperature of 500°C (threshold value +5°C for growing de- Kinlochewe and Braemar (1971-2000) .
gree days) and (or) a detailed aspect method scoring (DAMS) exposure value of 24. In the UK, DAMS is a widely used measure of wind exposure based on data collected using tatter flags (Quine and White 1994 ).
Scotland's climate is marginal for the growth of natural tree stands on bogs, except in the Eastern Highlands, where the more continental climate is favourable (MacKenzie and Worrell 1995) . Bog woodland in the UK is a rare habitat. It has been broadly defined as areas of trees growing on peatlands where the high water table and low fertility restrict their growth. In continental Europe, a large proportion of bogs are naturally wooded (Moore 1984) , but in the UK, this is uncommon (Ellenberg 1988) . At Abernethy in Strathspey, which is one of the study sites, Legg et al. (2003) found Scots pine to be an almost ubiquitous constituent of wet heath, blanket mire, Erica tetralix -Sphagnum papillosum raised-blanket mire, and Calluna vulgaris -Eriophorum vaginatum blanket mire.
Materials and methods
Sampling and chronology building
Tree-ring chronologies were based on core samples, with the exception at Achanalt where ground-level sections were collected from the stumps of previously felled trees. Scots pines were sampled at Abernethy, Inshriach, Monadh Mor, and Pitmaduthy Moss by the Forestry Commission (Fig. 1) . To compare the growth rates of trees on peatland and soil, soil-rooted Scots pine were also sampled at Abernethy, Achanalt, and Eilean Sùbhainn. The trees at Achanalt and Eilean Sùbhainn were sampled by the first author. Tree-ring data from earlier studies on soil-rooted Scots pine at 17 other locations were also obtained (Fig. 3) .
Single increment cores were aimed to pass through the pith and to the far side of the tree, and both radii were measured. Cores were taken from 20-30 cm above ground, except at Eilann Sùbhainn where cores were taken from 40-80 cm above ground. Standard dendrochronological techniques were utilized for sample preparation, measurement, and dating (Stokes and Smiley 1968) . Where the pith was not sampled, the numbers of missing rings to pith were estimated by using the curvature of the innermost measured rings (Villalba and Veblen 1997) and comparing them with concentric circles, spaced at either 1, 2, 3, 4, or 5 mm, on a acetate sheet. Other authors' data were sampled at 1.3 m, and as the pith offset was not known, an arbitrary 10 years was added for use in their age calculation. Cross matches between tree-ring series were reported using raw ring-width data and the standard Student's t value statistic (Fig. 4) . In the British Isles, cross matching is usually based on the original CROS73 algorithm (Baillie and Pilcher 1973) . This algorithm calculates the product movement correlation coefficient r and then uses it to calculate a value of Student's t to introduce a measure of significance in relation to the length of overlap. Pilcher et al. (1995) suggests that values greater than or equal to 4 be regarded as an acceptable match when cross matching pine.
Growth rates
Series of tree rings commonly contain age trend, caused by the general reduction of ring width as trees get progressively older and pass through the formative, mature, and senescent phases of growth (White 1998) . Formative radial growth rates (defined here as the mean rate of growth over the first 55 years) are a more useful comparison than mean ring width because they are not influenced by differences between tree ages. For useful visual comparison between tree growth rates, age trend series for cumulative plots (Fig. 5) were produced. Cumulative plots align the tree-ring series from each tree according to the biological age of the rings (i.e., the number of years that the tree has been alive) and not the chronological age (i.e., the year in which the tree ring formed), which are then averaged to produce a mean for each site. This method greatly attenuates the yearly fluctuations in ring width due to environmental factors because of the chronological misalignment of the tree rings and helps emphasize the underlying biological age growth trend. Bog woodland has been defined as areas of trees growing on peatlands where the high water table and low fertility restrict their growth, so here we use high and low radial growth rates to distinguish between Scots pine probably growing on peats and waterlogged bog, respectively (Fig. 3 ).
Dendroclimatic analysis
In most dendroclimatic studies, it is usual to attempt to statistically remove age trend from individual tree-ring series to remove the areas of high and low growth in mean chronologies that are not associated with climatic change. This process is called standardization. Its aim is to prevent overrepresentation of wide-ringed series at the expense of narrow-ringed series, to remove other low-frequency variability assumed unrelated to climate (e.g., forest-stand disturbances), and to strengthen the common signal in the tree-ring data. Here, series were standardized before averaging, using ARSTAN software (Cook et al. 1990) . Detrending was done with a negative exponential curve or linear regression, except where this method produced negative indices and then a 67% of series length spline with 50% frequency cutoff was applied. Only correlations in the year of growth were investigated, and therefore autocorrelation was removed from individual tree-ring series through autoregression modelling.
Chronology statistics were generated for the standardized series (Fig. 3) . Mean sensitivity is a measure of the mean relative change between adjacent ring widths (Fritts 1976) . Values greater than 0.30 are high and indicate that the tree-ring series are highly responsive to environmental factors; low values indicate weak interannual variance. Uncommon variance (noise) cancels in direct proportion to the number of series averaged. The expressed population signal (EPS) (Wigley et al. 1984) measures the degree to which the chronology correlates (or agrees) with the theoretical population chronology. The value of EPS ranges from 0 to 1, with 1 being the best possible value (the hypothetically perfect chronology).
To examine growth-climate relationships, dendrochronologists commonly use correlation functions as a statistical model to compute coefficients between tree-ring chronologies and monthly climatic variables (Blasing et al. 1984) . These coefficients are univariate estimates of Pearson's product moment correlation. Correlation function analyses and moving interval correlation function analysis were performed using DENDROCLIM2002 software (Biondi and Waikul 2004) , which computes correlation coefficients with 1000 bootstrapped samples and tests their significance at the 0.05%
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Fig. 4.
Cross matching between tree-ring chronologies from bog. Only t values over 3.5 are shown; t values were calculated using CROS74 (Baillie and Pilcher 1973) . Shading denotes bog and peat substrate sites.
Pagination not final/Pagination non finale level. A 10-month analysis period extending from January to October of the year of growth was selected. Residual treering chronologies were used with monthly means of temperature and precipitation as predictors, as residual chronologies proved to yield more climatic information and minimized autocorrelation. Monthly temperature series for the Scottish Mainland (Jones and Lister 2004) , together with the nearest climate station rainfall data at either Braemar, Edinburgh, Inverness, or Kinlochewe, were used in this analysis (Fig. 1) . The short rainfall record for Kinlochewe was extended using data from Achnashellach (14 km to the south) and Portree (58 km to the west). Missing values and homogeneity of climate data were achieved using ANCLIM and PROCLIMDB software (methods as described in Štěpánek et al. 2009 ).
Results
New Scots pine tree-ring chronologies were developed for five bog, three peat, and five soil substrate sites. Seventeen chronologies developed by earlier workers on soils were included to help contrast relationships between trees growing on different substrates (Figs. 1, 3) . Sites are ordered consistently throughout this paper broadly from northwest (NW) to southeast (SE) areas, but with consideration to substrate and altitude.
Growth characteristics
Scots pine from new soil sites at Abernethy (D), Achanalt, Eilean Sùbhainn (C), Inshriach (B), and Pitmaduthy (B) have formative radial growth rates comparable with those from previous studies on this substrate (Figs. 3, 5) . With the exception of pine at Glen Affric, which is the most exposed site sampled, with a DAMS of 22, pine on soil show formative growth rates of ≥1.5 mm·year -1 and an exponential decrease in ring width related to age. Pine from five bog substrate sites at Abernethy (A and C), Eilean Sùbhainn (A and B), and Pitmaduthy (A) show low formative radial growth rates of ≤1 mm·year -1 and a lack of age-related exponential decrease in ring width. Chronologies established from Scots pine on adjacent soil and bog sites at Abernethy, Eilean Sùb-hainn, and Pitmaduthy contrast the low radial growth rates achieved on bog, which is attributed to the high water table and poor nutrient status, these factors being closely related (Larcher 1995) . Scots pine from peat substrate sites at Inshriach (B) and Monadh Mor (A and B) have formative radial growth rates similar to those achieved by pine on soil sites. Growth rates achieved from pine on cutover peat at Inshriach (A) are even higher than those on the adjacent soil. A high water table is likely to account for the low radial growth of pine on bog. This suggests the radial growth of pine may be used to differentiate between moribund (inactive or nonpeat-forming) peat and active bog. No exponential decrease in ring width related to age was seen in pine on the peat sites.
Excluding pine from bog sites, formative radial growth is found to be significantly lower at higher sites (Fig. 6 ). There are too few sites to make a clear comparison between the NW and SE areas. Nevertheless, comparing both areas, pine growing on soil in the NW show the highest formative radial growth rates (>2.56 mm·year -1 ) at three sites under 100 m altitude and with low exposure (DAMS ≤ 14) and the lowest growth rates (<1.70 mm·year -1 ) at two sites over 300 m and with high exposure (DAMS ≥ 20). In the more continental SE area, a formative growth rate of 2.22 mm·year -1 at Ballochbuie highlights that reasonable growth rates are achievable at high-altitude (380 m) and high-exposure (DAMS = 19) sites in more southerly locations.
Chronologies
Cross matching of raw tree-ring chronologies shows that the highest similarities occur between geographically adjacent trees growing on the same substrate (Fig. 4) . The higher cross-matching values tend to occur between higher elevation sites. This indicates that common growth forcing of environmental factors increases with altitude (i.e., tree growth at these sites becomes less complacent). Scots pine growing on active bog and soil in the NW cross match reasonably, but in the SE, cross matching is almost entirely absent. The two chronologies developed from pine growing on bog substrate at Eilann Sùbhainn and Abernethy cross match well within their respective sites, but there is no cross matching between the two sites or the pine on bog at Pitmaduthy Moss. The Pitmaduthy Moss chronology, however, does cross match (t = 7.7) with pine growing on peat some 30 km away at Monadh Mor.
Mean sensitivities range from 0.12-0.20, 0.16, and 0.19-0.23, respectively, at soil, peat, and bog substrate sites (Fig.  3) . This shows that the relative change in ring widths from one year to the next (high-frequency signal) is higher for pine on bog. First-order autocorrelation, a measure of the influence of the previous year's growth on the current year (Fritts 1976) , does not appear to be influenced by substrate. Values of EPS ≥ 0.85 suggested by Wigley et al. (1984) as being a sign of a reasonably strong climate signal are not met in all chronologies, which indicates that greater replication would be desirable for future analysis. Nevertheless, correlation analysis with climatic data shows that chronologies from Creag Fhiaclach with EPS values as low as 0.76 can achieve results consistent with chronologies with values greater than 0.85. Between-series correlation less than 0.35 reveals that there is considerable individual variability between the trees, and this is particularly evident in the chronologies developed from bog in the SE. The low-frequency growth patterns were characterized by relatively high variance at bog sites and considerably lower variance at peat and soil substrate sites (Fig. 7) . Low-frequency growth patterns, particularly over decadal to bidecadal scale, are common between the bog chronologies developed at Eilann Sùbhainn and Abernethy but not between these and the other sites.
Water table level
Scots pine on bog show the lowest radial growth rates at Abernethy and the highest at Eilann Sùbhainn (Fig. 3) . Decadal length variations at Pitmaduthy suggest that the site has been affected by changes in the level of the water table. One cause may have been peat cuttings that were visible at both bog and peats sites (with the exception of Eilann Sùbhainn) but were of unknown date. The chronology from Monadh Mor (A) (MONM-M1) has a formative growth rate of 1.85 mm·year -1 , which reduces to 0.94 mm·year -1 in the 1980s. This is likely to correspond to the water-table rise known to have occurred before the 1990s. The chronology from the soil site at Eilann Sùbhainn shows formative radial growth rates comparable with those of other pine on this substrate in the area, but a sudden reduction occurs from AD 1905.
Growth-climate relationships
The temporal changes of dendroclimatic relationships were examined by means of moving interval correlation function analysis. The use of base lengths of 30, 40, 50, 60, 70, 80 , and 90 years were compared (not shown), and an 80-year base length was selected. The strength of short-term relationships between tree-ring and climate data could often be increased by using shorter base lengths, but this was often at the loss of temporal stability, and the use of a longer base length precluded examination of the possible changes. Because of the differences between the date spans of the chronologies and changes in some relationships after the 1920s, an 80-year period between AD 1881 and AD 1960 was selected for common comparisons between the series. This common period was used except where the length of the tree-ring data necessitated a shorter period. Correlations between the ring width of pine from soil sites and climate data are summarized in Fig. 8 . This shows that winter (January and February) and summer (July and August) temperatures are the most important determinants of ring width. These relationships are positive in both the NW and the SE but are stronger at the higher altitude sites in the SE. Negative correlation between ring width and August precipitation occurs only in the SE. In sharp contrast, all these relationships are absent from Scots pine growing on bog. Moreover, a positive correlation between ring width and October temperature occurs in pine on soils and bog in both the NW and the SE (and on the only peat site analysed in the SE), although this relationship is absent from all the soil sites above 270 m in the SE. Moving correlation functions (summarized only in Fig. 8 ) identify that at some sites, there is less correlation between tree-ring indices and October temperature from around the 1940s, but correlation with February temperature increases or develops from the 1920s (Fig. 9) .
Discussion
Formative radial growth
Formative radial growth rates under 1.00 mm·year -1 are used here to distinguish between Scots pine probably growing on waterlogged bog and those growing on peats (Fig. 5) . These figures are likely to be applicable to peatland sites ≤ 300 m, but the radial growth on soils can also fall below 1.00 mm·year -1 at sites ≥ 400 m as the tree line is approached. Such low radial growth rates in trees are indicative of stressful environmental conditions as ring widths ≤ 0.50 mm·year -1 are considered minimal in most tree species , MONM-M1 (1907 MONM-M1 ( -1960 , and ABED-09 (1883 ABED-09 ( -1960 Moir, unpublished) . Narrow and missing rings indicate that Scots pine on bog in northern Scotland survives within a narrow ecological margin. The absence of the gradual reduction in ring width normally associated with age is suggested to be the result of these marginal conditions for growth, although few of the trees in this analysis were over 150 years of age, which is the age at which growth slowed in Scots pine on bog in Sweden (Ågren and Zackrisson 1990) . A similar absence of age trend has been found in subfossil pine from Scotland (Moir et al. 2010 ).
Climate-growth response in summer As might be expected, the summer radial growth of pine on soils is correlated with temperature mainly in July and August, although this extends to June at three sites in the NW (Fig. 8) . Warm summer months lead to increased radial growth, indicating that neither temperature nor moisture limit tree growth. Pines on soil show increases in both cross matches between chronologies and correlations with JulyAugust temperature associated with sites at 57°N and ≥300 m altitude, which is in accord with earlier studies that found radial growth near the tree line to be limited by low summer temperature (Schweingruber et al. 1979; Hughes 1987) . The weaker response shown with summer temperature in pine under~300 m (Figs. 8, 10 ) is likely to be due to the sites being beneath the tree line, where growth is less limited because temperatures are higher, and therefore correlations with these months are expected to diminish (Fritts 1976) . The radial growth of Scots pine on soil in the SE is inversely influenced by August precipitation. Both the lack of correlation between August temperature and rainfall (r = 0.049) and significant response coefficients displayed at some sites (Fig. 8 ) suggest that this relationship is not an artefact of an inverse relationship between the climate data. In cool humid regions where precipitation is greater than 1000 mm·year -1 , rainfall is unlikely to limit the growth of Scots pine on normally drained sites (Tranquillini 1979) . The association between low rainfall in August and increased radial growth is therefore likely to be an indirect effect, where low rainfall corresponds with increased sunshine and therefore enhanced photosynthesis (Fritts 1976) . August is an important month for pine because the current year's foliage is in full activity and has its maximum potential for assimilation (Linder and Flower-Ellis 1992) . Near the tree line, Scots pine has a short growing season, and in this environment, low temperature and (or) low sunshine in August become a significant limiting factor of radial growth. Correlations between summer temperature and radial growth extend to June at three sites in the NW, indicating a longer growth season in this more oceanic area. Summer temperature was not found to be a limiting factor of the radial growth of pine on bog, but because the sites were at 300 m altitude or less (Fig. 10) , this might be expected.
Climate-growth response in autumn
Temperature in October is newly shown here to be correlated with the radial growth of pine growing on bog, peat, and soil substrate. This positive relationship is attributed here to a temperate maritime climate potentially extending the season of cambial growth, which is consistent with the absence of relationship from higher altitude sites, both in the NW and SE. From the 1930s to the 1940s, this correlation develops on bog sites ≤ 300 m in the SE and becomes increasingly significant at bog and soil sites ≤ 300 m in the NW (Fig. 8) . The increased correlation between tree growth and temperature (Fig. 9) corresponds well with the known 1°C increase of temperature in Scotland, which has caused a four-week increase in the length of the growing season and a more than 25% reduction in the number of days of frost between AD 1961 and AD 2004 (Barnett et al. 2006 . Earlier research shows that the temperate maritime climate of northwestern Scotland can promote a relatively long June to October period of cambial growth in pine on soil (Schweingruber et al. 1979; Hughes 1987) . In late autumn, exposure to nighttime low temperatures below 0°C may limit radial growth by causing damage to photosystems, which can lower rates of photosynthesis for several days (Öquist and Huner 1991) . A lack of correlation between radial growth and September temperature may be explained by the lack of frost days able to act as a limiting factor in this month (Fig. 2) . The increasing correlation between radial growth and October temperature may not have been identified in more recent dendroclimatic studies because the monthly window of analysis typically only extends to August or September of the current year.
Climate-growth response in winter
Temperature in January and February is shown to be an important determinant of the radial growth of pine on soil in Scotland (Fig. 8) . Correlations are good at high-altitude sites, but stronger and clearer at ≤300 m altitude sites (Fig. 10) , where radial growth is not also limited by summer temperature. Correlation with these months at lower altitude sites (Shieldaig and Drimmie) suggests that this relationship is not restricted to proximity to the tree line. Although previous workers have typically selected sites near the tree line to investigate the correlations between summer temperature and ring width, correlations with winter temperature have been shown (Tuovinen 2005; Helama et al. 2005) . Similarly to this study, Helama et al. (2005) find positive dendroclimatic correlation in high-latitude sites for Scots pine, with decreasing correlativity towards the south (i.e., toward a milder and warmer climate).
The physiological mechanism between the radial growth of Scots pine and winter temperature remains unclear. Grace (1990) shows that cuticular transpiration is unlikely to cause frost drought. Instead, Grace and Norton (1990) attribute the conspicuous winter browning of Scots pines needles observed at the tree line to mechanical abrasion from wind and wind-born particles disrupting the epidermis. Because buds in Scots pine form the previous season (Kozlowski et al. 1991) and old needles substantially contribute to photosynthesis (Linder and Troeng 1980) , winter wind damage could Fig. 10 . A summary of significant and positive temperature restrictions on the radial growth of Scots pine (Pinus sylvestris) on a northwestsoutheast transect of northern Scotland. Topography and forest line (based on upper limits of woods) taken from 1 : 2 500 000 scale ordnance survey in 1999. July and August, summer; January and February, winter; October, longer growth season; forest zone, land capable of supporting commercial forestry. The bottom of each pine tree symbol represents the height of the site. The sites shown are within 30 km of the transect, except Coulin and Glen Affric, which are 35 and 50 km to the southwest, respectively. reduce the potential biomass production throughout the subsequent growing season. Furthermore, gales in Scotland are especially common in January and February. However, root hardening is less than that of needles or shoots (Sutinen et al. 1996) , and root injuries by low winter temperatures could also be a cause. Havranek (1972) showed strong linear correlation between low root zone temperature and growth. The sharp contrast shown here of a strong positive correlation between winter temperature and pine on soil and its absence in Scots pine on peat and adjacent bog sites suggest differences between the root zone temperatures. It is hypothesized that roots in bogs are less susceptible to cold damage. Few studies have investigated the penetration depth of frost in peat soils. Rossi et al. (2007) found similar air temperature thresholds for xylogenesis between high-altitude conifer sites but different soil temperature thresholds, although they do not attempt to explain the differences by soil types. Furthermore, by reducing soil heat flux, a closed forest canopy has a negative affect on its root zone temperature and creates cold soils that impair root activity (Ballard 1972) . As the tree canopy is usually denser on surrounding soils than on bog, additional differences in the root zone temperature between the two substrates may occur. Trees on peat and bog may also be more sheltered by their low-lying location and (or) taller and denser tree cover on surrounding soils, making them less susceptible to damage from wind but more susceptible to frost.
Climate-growth response on peatland
The influence of climate on Scots pine growing on peat is only briefly discussed because only the Monadh Mor chronology was of sufficient length to perform correlation analysis. Scots pine at Monadh Mor show correlations with temperature and precipitation in summer and autumn that are similar to those seen in pine on soil. This is in accord with Linderholm (1999) , who found that drainage of bog alters the growth response of pine to climate to resemble those on soil. Pine on cutover peat at Inshriach cross match well (t = 5.2) with neighbouring pine growing on soil, but perhaps due to disturbances such as fire and or peat cutting, the chronologies do not cross match with other pine chronologies from soil in the region. Where tree-ring series from numerous trees within a well-defined ecological area cross date, they attest to a common annual climatic signal. However, a weakness of this study is that a number of the chronologies developed have relatively weak signal strength (nonoptimal EPS, Fig.  3 ). The possible effects to the growth-climate response due to the low level at which some cores were taken (i.e., below 1.3 m) have not been assessed, but tree rings from subfossil stumps have previously been used to extend temperature reconstructions. Large sample sizes from peatlands are recommended to help improve the signal strength and therefore the correlations with climate.
Changes in water levels
The climate correlations shown here demonstrate that temperature in specific months is an important determinant of annual variation in the radial growth of Scots pine on soil and peat in northern Scotland. We show that although monthly levels of precipitation rarely correlate with annual ring width, waterlogging is probably the primary restriction on the radial growth of pine on bog. Charman (2007) found that changes in bog water table level had a linear response to annual rainfall deficit over the previous 5-10 years. The growth rates of pine on bog are shown here to be susceptible to decadal-scale fluctuations (Fig. 7) that are likely to correspond to changes in water table level. The failure of regional cross matching between the well-replicated bog pine chronologies developed at Eilann Sùbhainn and Abernethy may be caused by variations in water level, although climate differences cannot be entirely discounted despite the short 135 km distance between the sites. Scots pine chronologies from bog are shown here to have limited use in dendroclimatic reconstructions of monthly temperature due to a weaker climategrowth response than pine growing on mineral substrate and soil. The weaker climate-growth response is in agreement with a previous regional study on pine in Sweden (Linderholm et al. 2002) , but this study made no differentiation between possible (inactive) peat and (active) bog sites. Our results highlight that the radial growth rates of pine on peatlands are potentially sensitive to a lowering of the water table and that climate-growth response may increase when the water table is lowered.
Other disturbances in a variety of forms (not always known) may influence these results. Although the pine growing on soil at Eilann Sùbhainn were not waterlogged at the time of sampling, it is the only chronology to show a sudden and sustained change of growth rate (Fig. 5) , and the site is on the shore of Loch Maree, which the Scottish Natural Heritage states is subject to dramatic fluctuations in water levels (Fig. 11) . Flooding of a tree can be harmful, especially during the growing season, due to the high oxygen requirement of actively growing roots (Kozlowski 1982) . The sustained reduction in the radial growth of pine at this site after AD 1905 together with growth reduction (in the space of a couple of years) affecting pine progressively further from the shoreline indicate that they may be attributable to rises in loch level. The correlation relationship between these pine trees and temperature also resembles that of bog pine (Fig.  8) , which suggests that pine on soil can develop responses to climate similar to those on bog when affected by flooding.
Climatic change at the tree line
In northern Scotland, the positive correlation shown here between radial growth and summer (July and August) temperature is consistent with the view that summer temperature limits the radial growth of pine near the tree line in northern Scotland. Assuming a lapse rate of 0.6°C per 100 m of altitude, where tree line is limited by summer temperature, pine would be expected to vertically advance by about 200 m per degree. Pine found at altitudes greater than 800 m near Aviemore (French et al. 1997 ) corroborate such an increase in tree line. This is consistent with a 200 m increase in tree line (particularly evident in wind-sheltered and steep concave slopes) in Sweden, concomitant with a 1.4°C increase in temperature (Kullman and Öberg 2009) . Correlation between summer temperature and radial growth occurs in pine at 300-500 m altitude in the SE and at 50-250 m altitude in the NW (Fig. 10) . This suggests a~200 m wide altitudinal window of temperature correlation that lowers to the west and is concomitant with the known lowering of the tree line from SE to NW, although additional sites would be required to help confirm this relationship. The lowering of the tree line be-tween the SE and NW areas is unlikely to be accounted for by the 75 m altitude decrease expected by the 1°difference in latitude between the areas (Körner 1998) . Pines on the coast in the NW show the highest and lowest formative radial growth rates over a 300 m difference of altitude. This contrast is difficult to attribute to variation in summer temperature and therefore is expected to be related to the influence of winter temperature, which is shown here to be an important limiter of radial growth.
Moving response analysis shows no significant change in the radial response of pine to summer temperature, indicating that the region is not affected by divergence (D'Arrigo et al. 2008) . Similar findings were evident for high-latitude pines in Finland where radial growth was shown to have reacted positively to summer temperatures over the past three centuries (Helama et al. 2004 ). However, the correlation between February temperature and radial growth is shown to be reduced at sites above 300 m altitude since the 1920s. Correlations with October temperature at both soil and bog sites in both the NW and SW areas have also changed and show an increased influence on growth at soil sites ≤ 300 m in the NW since the 1940s. These changes are concomitant with warmer winters and increases in the length of the growing season, which are maximal at coastal areas and minimal in mountainous areas (Barnett et al. 2006) . Our study suggests that the radial growth of pine at the tree line in northern Scotland is responding to changes in winter temperature rather than summer temperature but that there is little evidence for overall increases in radial growth rates.
Future research
Although the physiological mechanism between radial growth and winter temperature remains unknown, root damage and (or) wind exposure are suggested as two possible causes -the latter of which has been identified as a control on tree line in an earlier study (Hale et al. 1998) . Körner (1998) emphasises the unknown effects of root zone temperature on tree growth but recognises that they could be critical to the tree line. Further research on the relationships between radial growth with other meteorological data such as wind speed, grass minimum or soil temperatures, and NAO is suggested to help clarify the physiological mechanisms between winter temperature and radial growth in pine and to help understand their effects on levels of tree line. Although not examined here, other studies have found correlations between earlywood (Tuovinen 2005) and latewood (Schmitt et al. 2004 ) ring measurements, which also indicates the potential to help differentiate between the response of tree rings to winter and summer temperature.
The growth-climate relationships examined in this study are likely to be complicated by co-varying environmental factors. A trend of higher temperature increasing tree growth and raising tree line is likely to be opposed by increases in precipitation and wind. Barnett et al. (2006) show that between AD 1914 and AD 2004, it has become 20% wetter, while a 1.0°C temperature increase since the 1960s is unevenly spread, extending the length of growing season by two months in coastal areas, but reducing it by up to eight days in a few upland areas. Furthermore, the NAO (a measure of pressure differences between Iceland and the Azores) has strengthened particularly in the winter (Hurrell 1995) , and this is not only likely to directly affect tree growth through exposure to stronger westerly winds, but also to cause variations in winter temperature and rainfall. Today spontaneous oceanic Scots pine forests are only distributed in Scotland and western Norway (Øyen 1998) , and the pattern of upper forest line between the two countries is very similar. As Linderholm et al. (2003) find strong connections between radial growth of Scots pine in winter and NAO on the western coast of Norway, similar potential from pine in Scotland might be expected and is indicated by the use of Scottish tree-ring data in the reconstruction of a winter NAO index (Cook et al. 2002) .
Chronologies from earlier studies (see Fig. 3 ) end in the 1970s, preventing comparisons with the last 30 years of climate data. Some resampling of earlier sites is now underway (Fish et al. 2010) , and this should help extend comparisons with climate data to present day. The establishment of additional soil sites particularly at altitudes >300 m in the NW and <300 m in the SE might also be considered worthwhile to help clarify and predict the possible effects of temperature change on radial growth rates near the tree line in northern Scotland.
Analysis of Scots pine from a peatland site of known drainage history and a comparison of the Eilean Sùbhainn pine with loch level are currently underway. Apart from changes in water table levels, substrate, and the altitudinal differences of the sites, we cannot rule out that some of the dendroclimatic differences originate from the high genetic diversity of the pines (Wachowiak et al. 2010 ). This also remains as an interesting future prospect to be tested.
Conclusions
Although Scots pine chronologies from bog are shown here to have limited use in dendroclimatic reconstructions of monthly temperature due to a weaker climate-growth response, the annual radial growth rates of pine on peatlands are hypothesized to correspond with water table level and may provide an important indicator of water levels in peat and bog.
Temperature in January-February and July-August are both important determinants of the radial growth of Scots pine on soil sites in northern Scotland. Root damage and (or) wind damage are suggested as potential mechanisms for the relationship between ring width and winter temperature.
Moving correlation analysis indicates that the relationship between the radial growth of pine near the altitudinal tree line and summer temperature (July-August) is time stable, despite an increase of temperature in northern Scotland. However, the radial growth of pine has become less limited by winter (January-February) temperatures since the 1920s. Scots pine at soil, bog, and peat sites have developed or increased their correlation with October temperature since the 1940s (Fig. 9 ). This suggests that the growing season of pine has extended, particularly in the commercial zone of forestry on the western coast.
